Abstract. Several investigators in the past have used the radiance depression (with respect to clear-sky infrared radiance), resulting from the presence of mineral dust aerosols in the atmosphere, as an index of dust aerosol load in the atmosphere during local noon. Here, we have used a modified approach to retrieve dust index during night since assessment of diurnal average infrared dust forcing essentially requires information on dust aerosols during night. For this purpose, we used infrared radiance (10.5-12.5 µm), acquired from the METEOSAT-5 satellite (∼ 5 km resolution). We found that the "dust index" algorithm, valid for daytime, will no longer hold during the night because dust is then hotter than the theoretical dust-free reference. Hence we followed a "minimum reference" approach instead of a conventional "maximum reference" approach. A detailed analysis suggests that the maximum dust load occurs during the daytime. Over the desert regions of India and Africa, maximum change in dust load is as much as a factor of four between day and night and factor of two variations are commonly observed. By realizing the consequent impact on long wave dust forcing, sensitivity studies were carried out, which indicate that utilizing day time data for estimating the diurnally averaged long-wave dust radiative forcing results in significant errors (as much as 50 to 70%). Annually and regionally averaged long wave dust radiative forcing (which account for the diurnal variation of dust) at the top of the atmosphere over Afro-Asian region is 2.6 ± 1.8 W m −2 , which is 30 to 50% lower than those reported earlier. Our studies indicate that neglecting diurnal variation of dust while assessing its radiative impact leads to an overestimation of dust radiative forcing, which in turn result in underestimation of the radiative impact of anthropogenic aerosols.
Introduction
The desert aerosol can have a significant impact on the atmospheric radiation (Sokolik et al., 1998) . Dust not only scatters but also absorbs solar radiation and also absorbs and emits long wave radiation (Haywood and Boucher, 2000) . The magnitude and even the sign of direct radiative forcing by dust is uncertain due to lack of adequate data (IPCC, 2007) . It depends on a number of parameters, such as the optical properties of dust, its vertical distribution, cloud cover and the albedo of the underlying surface (Liao and Seinfeld, 1998) . There are some difficulties involved in remote sensing (using visible wavelengths) of dust over land due to high and varying albedo (Kaufman et al., 1997) . In addition, dust aerosols are known to be non-spherical in shape. This can cause errors in the remote sensing of dust aerosols from visible wavelengths. Recent investigations as part of Aerosol Characterization Experiment-Asia (ACE-Asia) have shown that the dust we observe may not be just dust, but it may be dust mixed with other aerosols (Seinfeld et al., 2004) . Dust particles mixed with soot, sulfates, nitrates or aqueous solutions can have drastically different properties from those at the dust source (Chandra et al., 2004; Deepshikha et al., 2005) . Several investigators in the past have used the radiance depression (with respect to clear-sky infrared radiance), resulting from the presence of mineral dust aerosols in the atmosphere, as an index of dust aerosol load in the atmosphere during local noon (Legrand et al., 2001; Deepshikha et al., 2006a, b) . Here, we have used a modified approach to retrieve dust index during night since assessment of diurnal average infrared forcing essentially requires information on dust aerosols during night. In this paper, infrared radiance (10.5-12.5 µm) from the METEOSAT-5 satellite (of European Space Agency, ESA) has been used (5-km resolution) to retrieve dust aerosol characteristics. During the Indian Ocean Experiment (INDOEX), METEOSAT-5 was moved to 66 • E and provided an excellent opportunity to study dust aerosols over India and adjacent continents.
Data and analysis
Satellite measured infrared (IR) radiance acquired from METEOSAT-5 in the 10.5 to 12.5 µm wavelength band (at ∼ 5 km resolution) was used to retrieve dust aerosol properties. An (IR brightness temperature) IRBT depression, caused by the presence of dust aerosols in the atmosphere, can be used as an index of dust load and is called infrared difference dust index (IDDI) (Tanr'e and Legrand, 1991; Legrand et al., 2001) . Details of the this approach is available in the literature and are not repeated here (see Legrand et al., 2001; Deepshikha et al., 2006a, b) . However, a brief description is provided below. The IDDI images were created using radiometric counts (RC) from METEOSAT-5. Radiometric counts are first converted into radiance using calibration coefficients. Radiance data is converted into brightness temperature (IRBT) data, using an inverse Planck Function. This IRBT forms the original image. An "original image" contains all the radiative information about surface and atmosphere (Legrand et al., 2001 ). The next step was to create a "reference image" representing clear-sky conditions for consecutive, non-overlapping periods, whose duration is short enough to eliminate the seasonal effects but long enough to ensure that the clear-sky or near clear-sky conditions exist for at least one measurement, for each pixel. The purpose of the "reference image" is to separate the land effect from the "original image". A 15-day reference period is used here. For a given pixel, the maximum in the daily values of IRBT within a given reference period is assumed to represent the characteristics of the target pixel, as in cloudfree and dust free (background) conditions (an example is shown in Fig. 1a) . Next, a "difference image", exhibiting the clouds and dust patterns separated from the permanent surface features, was obtained by subtracting the individual day "original image" (or IRBT) from the "reference image" for that period. The "difference image" shows only the variable atmospheric radiative effects related to both clouds and dust. Difference values represent the reduction in IRBT due to dust aerosols, provided that cloudy pixels are identified and screened (an example is shown in Fig. 1b) . Cloudy pixels were screened using the spatial coherence method (Coackley and Bretherton, 1982) . Now the resulting image after cloud screening is an IDDI image, which represents the regional distribution of dust aerosols. The METEOSAT-5 IR radiance data were analyzed for all days during 2003.
The METEOSAT provides infrared radiance data every half an hour, covering day and night. However, we note that the IDDI algorithm, valid for daytime, will no longer hold during the night because dust is then hotter than the theoretical dust-free reference, while clouds are colder as also acknowledged in Deepshikha et al. (2006b) . Hence for nighttime retrieval of dust, we have followed a modified approach by re-ordering the steps as follows (a) Follow the daytime IDDI algorithm: create "reference image" representing the hottest pixels; (b) create "difference image" and then use it for cloud identification and masking; (c) apply the cloud mask to the original IRBT images; (d) apply the IDDI algorithm again, but with the "minimum reference". It may be noted that while using the "minimum" reference method for retrieval of IDDI during the night, IDDI is negative and in this case the absolute magnitude of IDDI is a measure of dust load.
Results and discussion
An example of IDDI image over the Indian "Thar" desert is shown in Fig. 2a for 4 March 2003. Corresponding image for night is also shown (Fig. 2b) . The METEOSAT IR radiance data were analyzed for all days (at three hour intervals) during 2003 to study the day-night differences in IDDI, which revealed that there exists significant diurnal variation in the dust. Diurnal variation of IDDI observed over "Thar" desert in India is shown in Fig. 3 for May 2003. A detailed analysis in this regard suggests that the maximum dust load occurs during the daytime in the after noon hours. The maximum change in IDDI is as much as a factor of three to four between day and night and factor of two variations are commonly observed. Day-to-night differences in IDDI observed over desert in India (Fig. 4a) and Saudi Arabia (Fig. 4b) shows IDDI variations from 17.2 to 4.3 in a matter of a few hours. Annual mean (for 2003) day-night difference in IDDI is estimated as high as a factor of 2.2. This observation has consequent impact on long-wave dust radiative forcing. During daytime, when surface temperature is maximum dust load is also maximum while at night surface temperature decreases, as well as the dust load. This indicates that neglecting the diurnal variation in dust loading can lead to errors in the estimation of long-wave radiative forcing.
To study this effect, sensitivity studies have been carried out. To describe a wide range of possible aerosol compositions, Hess et al. (1998) modelled aerosols as various components, each of them meant to be representative of a certain origin. The components can be combined to form various aerosol mixtures. These models are developed based on comprehensive data over a large number of locations. Here, we used dust optical properties from Hess et al. (1998) and incorporated them in the Santa Barbara DISORT Atmospheric Radiative Transfer (SBDART) model (Ricchiazzi et al., 1998) to estimate the dust aerosol impact on long wave (LW) radiative fluxes. Using data on dust properties, we have modeled the IDDI as a function of change in long wave fluxes. The refractive indices used are wavelength-dependent. The approach here is to simulate infrared radiance depression for various dust loadings in terms of IDDI. Thus, using radiative transfer simulations, we have estimated long wave dust radiative forcing for given IDDI values, which enabled construction of maps of dust forcing from maps of IDDI. Conventional method is to assume day time dust loading for night and hence for estimating diurnally averaged forcing. Here, we have accounted the diurnal variation of dust (in terms of IDDI), thus arrived at an improved estimate of long dust forcing over Afro-Asian region. Regional distribution of long wave dust forcing is shown in Fig. 5 . During the dry season over source regions long-wave radiative forcing at the top of the atmosphere (TOA) was as high as + 6 to 8 W m −2 . The regionally (0-35 N; 30 E-100 E) and annually averaged longwave dust radiative forcing was + 2.6 ± 1.8 W m −2 . This is lower than the value of + 3.4 ± 1.6 W m −2 reported by Deepshikha et al. (2006b) without considering the diurnal variation of dust loading. Liao and Seinfeld (1998) estimated global mean clear-sky, long-wave radiative forcing at TOA in the range of + 0.2 to + 1.0 W m −2 . Similar results were reported by Tegen and Lacis (1996) and Tegen et al. (1997) . The long wave aerosol forcing reported in this study for the Afro-Asian regions are several factors higher than the values reported for global average.
Conclusions
We have used a modified approach to retrieve dust index during night since assessment of diurnal average infrared dust forcing essentially requires information on dust aerosols during night. Infrared radiance (10.5-12.5 µm) acquired from the METEOSAT-5 satellite (∼ 5 km resolution) is used here. Major conclusions from this study are listed below.
1. We found that the infrared "dust index" algorithm, valid for daytime, will no longer hold during the night because dust is then hotter than the theoretical dust-free reference.
2. A detailed analysis suggests that the maximum dust load occurs during the daytime. Over the desert regions of India and Africa, maximum change in dust load is as much as a factor of four between day and night and factor of two variations are commonly observed.
3. We found that utilizing day time data for estimating the diurnally averaged long-wave dust radiative forcing results in significant errors (as much as 50 to 70%).
4. Annually and regionally averaged long wave dust radiative forcing at the top of the atmosphere over AfroAsian region is 2.6 ± 1.8 W m −2 , which is 30 to 50% lower than those reported earlier.
5. Our studies indicate that neglecting diurnal variation of dust while assessing its radiative impact leads to an overestimation of dust radiative forcing, which in turn result in underestimation of the radiative forcing of anthropogenic aerosols.
